We estimated synonymous (d N ) and nonsynonymous (d S ) substitution rates for protein-coding genes of the mitochondrial genome from two individuals each of the species human, chimpanzee, and gorilla. The genes were analyzed both separately and in a combined data set. Pairwise sequence comparisons suggest that the d N /d S rate ratios are about 5-10 times higher in within-species comparisons than in between-species comparisons. This result is confirmed by a more rigorous likelihood ratio test, which rejected the null hypothesis that the d N /d S rate ratios are identical within and between species. The likelihood models account for the genetic code structure, transition/ transversion rate ratio, and codon usage bias and are expected to produce more reliable results than the commonly used contingency test. Separate analyses of different genes show that the d N /d S rate ratios are higher within species than between species for all 13 mitochondrial genes, with the difference being statistically significant for all except three small or slowly evolving genes. Furthermore, in conserved genes, nonsynonymous rates within species tend to be higher than the between-species rates by a greater proportion than in fast-changing genes. Our findings confirm and extend earlier results obtained from smaller data sets and suggest the operation of slightly deleterious mutations throughout the mitochondrial genome in the hominoids. Implications of the results for evolutionary studies and, in particular, for studies of the origin of modern humans, are discussed.
Introduction
Recently, Parsons et al. (1997) measured the mutation (substitution) rate in the mitochondrial DNA (mtDNA) control region using human pedigree data and found that the rate is much higher (about 20-fold higher) than those estimated in phylogenetic analyses. This result is consistent with the earlier observation of Howell, Kubacka, and Mackay (1996) based on a smaller number of generation events in humans, and with observations for mtDNA of other mammalian species (see Loewe and Scherer 1997 for a review). Parsons et al. (1997) attributed the disparity between the pedigree and phylogenetic estimates of the substitution rate to the presence of slightly deleterious mutations which are removed from the population over time.
We note that estimates obtained from the pedigree analysis largely reflect the mutation rate (although lethal mutations are probably not observed even in a pedigree analysis). However, phylogenetic analysis using multiple-species data measures the substitution rate or the rate of fixed mutations. While the two rates may be expected to be identical if the within-species polymorphism and the between-species divergence are both caused by neutral mutations, this will not be the case if evolution of the DNA is not neutral. An important prediction of the neutral theory is that the nonsynonymous/synonymous substitution rate ratios (d N /d S ) will be identical within and between species (McDonald and Kreitman 1991) . A contingency test was suggested to test this prediction of McDonald and Kreitman (1991; see also Akashi 1995; Templeton 1996) . The test classifies observed (inferred) mutations into different classes (synonymous vs. nonsynonymous, within-vs. between-species) and tests the independence of the two groupings. The test has been used to examine the mitochondrial cytochrome b (Ballard and Kreitman 1994) and ND5 (Rand, Dorfsman, and Kann 1994) genes of Drosophila, mitochondrial ND3 (Nachman, Boyer, and Aquadro 1996) and COII (Templeton 1996) genes of humans, chimpanzees, and gorillas, and mitochondrial ND2 genes of humans and chimpanzees (Wise, Sraml, and Easteal 1998) . Neutrality was rejected in almost all of those analyses, with a significantly higher d N /d S rate ratio within than between species.
Violation of the neutral assumption in mitochondrial DNA evolution has important implications for phylogenetic as well as population genetic analyses. For example, estimation of the time to the most recent common ancestor of all humans is highly important in the controversy concerning the origin of modern humans. A common practice has been to use a species divergence date (such as the date of human-chimpanzee separation) to calculate the substitution rate, and then to use this rate to estimate the age of the most recent common ancestor of humans (see, e.g., Vigilant et al. 1991) . If the mutation (substitution) rate differs within and between species, such molecular-clock calibration will lead to seriously biased estimates. In particular, if the within-species rate is higher than the between-species rate with elevated polymorphisms, the age to the most recent common ancestor will be overestimated, while if the within-species rate is lower with reduced polymorphisms, the age will be underestimated (see, e.g., Rand, Dorfsman, and Kann 1994; Nachman et al. 1996) .
It should be noted that reliable estimation of the synonymous and nonsynonymous substitution rates is not an easy task (Ina 1995; Yang and Nielsen 1998). 1500 Hasegawa et al.
FIG.
1.-Phylogenetic trees constructed using maximum-likelihood estimates of (A) synonymous and (B) nonsynonymous substitution rates. Rates are estimated under the model that assumes two different nonsynonymous/synonymous ratios for the within-and betweenspecies branches. Note that the two trees have different shapes; the tree of nonsynonymous rates has longer within-species branches relative to the tree of synonymous rates. Branch length is measured by the expected number of nucleotide substitutions per site.
Counting of sites and differences is always complicated by features of sequence evolution such as transition/ transversion rate bias and codon usage bias. The contingency test (McDonald and Kreitman 1991) used in previous analyses is crude and does not correct for multiple substitutions at the same site (Graur and Li 1991; Whittam and Nei 1991; Maynard Smith 1994) . Templeton (1996) suggested ways to guard against saturation of substitutions and biased estimates of phylogenetic trees and branch lengths, but these methods lack a rigorous statistical basis. Graur and Li (1991) and Whittam and Nei (1991) suggested tests based on pairwise estimates of synonymous and nonsynonymous substitution rates. However, these tests rely on unreliable normal approximation to the test statistics (Sawyer and Hartl 1992) .
To test the hypothesis of neutral evolution in the mitochondrial DNA and to obtain more reliable estimates of synonymous and nonsynonymous rates, we analyze a large data set containing all of the protein-coding genes of the mitochondria from humans, chimpanzees, and gorillas. Whole mitochondrial genome sequences are available for two individuals of each of these species. We estimated the d N /d S rate ratios in within-and between-species comparisons of the gene sequences. Further, a recently developed likelihood ratio test (Yang and Nielsen 1998; Yang 1998 ) is used to test whether the d N /d S rate ratios are identical along the within-and between-species lineages. In contrast to the contingency test used by previous authors, the likelihood models explicitly take into account the genetic code structure, the transition/transversion rate bias, and codon usage biases (Goldman and Yang 1994; Yang and Nielsen 1998) . The probabilistic model of codon substitution adopted in the likelihood calculation corrects properly for multiple hits (Goldman and Yang 1994; Muse and Gaut 1994) . The likelihood ratio test thus provides a framework for testing the neutral hypothesis and can be expected to provide more reliable estimates of the synonymous and nonsynonymous substitution rates.
Materials and Methods
Complete mitochondrial genome data for two individuals from each of the hominoid species human (Homo sapiens, accession numbers D38112 and X93334), common chimpanzee (Pan troglodytes, accession numbers D38113 and X93335), and gorilla (Gorilla gorilla, accession numbers D38114 and X93347) were used. One set of sequences from each of the three species was determined by Horai et al. (1995) , and another set was determined by Arnason, Xu, and Gullberg (1996) and Xu and Arnason (1996) . The 12 protein genes encoded by the same strand of mtDNA were analyzed in a combined data set (with 3,569 codons, excluding initiation and termination codons and overlapping regions between ATP6 and ATP8 and between ND4 and ND4L). The ND6 gene is encoded by the other strand of mtDNA, with very different codon usage biases, and is not included in the combined data set. All 13 genes were then analyzed separately. Alignment of the sequences was simple, as no gaps needed to be introduced.
As a preliminary analysis, the numbers of synonsymous (d S ) and nonsynonymous (d N ) substitutions per site were estimated from pairwise comparisons using the methods of Nei and Gojobori (1986) and Ina (1995) . Both methods count the numbers of synonymous and nonsynonymous sites and synonymous and nonsynonymous differences between two sequences and apply approximate formulas to correct for multiple hits. Ina's (1995) method is based on Kimura's (1980) two-parameter model of nucleotide substitution and accounts for the transition/transversion bias while ignoring nucleotide or codon usage bias. Ina (1995) suggested two slightly different methods. Method I estimates the mutational transition/transversion rate ratio using data from the third codon positions, while method II uses a more sophisticated iterative algorithm. The two methods produced similar estimates for the mitochondrial genes, and only results from method II are presented. The method of Nei and Gojobori (1986) ignores both the transition/ transversion bias and the codon usage bias. The maximum-likelihood method based on a Markov model of codon substitution was also used for pairwise comparison (Goldman and Yang 1994) . The approach calculates d S and d N according to their definitions directly from maximum-likelihood estimates of model parameters. The complicated task of counting differences and correcting for multiple hits is taken care of by the probability theory. The likelihood model accounts for the transition/transversion rate bias and the codon usage bias (see Goldman and Yang [1994] and Yang and Nielsen [1998] for details). We use nucleotide frequencies at the three codon positions to calculate codon frequencies, with 3 ϫ (4 Ϫ 1) ϭ 9 parameters used. In a separate set of analyses, codon frequencies were used as free parameters; the results are very similar and thus are not presented.
The codon substitution models were also used to perform joint likelihood comparisons of all sequences in the data set ( fig. 1 ). Two models concerning the non- synonymous/synonymous rate ratios ( ϭ d N /d S ) among lineages were used. Model 0 assumes the same ratio for all branches in the tree, while model 1 assumes that the ratio ( B ) for the three between-species branches is different from the ratio ( W ) for the six within-species branches (see fig. 1 ). The log-likelihood values under the two models can be compared with a 2 distribution with one degree of freedom to test whether the withinand between-species branches have the same ratio. This constitutes a likelihood ratio test of the neutral prediction that B ϭ W . A model that assumes independent d N /d S rate ratios for all branches in the phylogenetic tree was also used to obtain estimates of synonymous and nonsynonymous rates along lineages without constraints.
Results

Combined Data Set
Some basic statistics of the sequence data are given in table 1. The test of McDonald and Kreitman (1991) requires unambiguous classification of observed differences into synonymous and nonsynonymous categories. This does not seem possible for the mitochondrial genes analyzed in this paper, as some codon sites differ at two or three codon positions between species, and it is not clear whether the differences should be counted as synonymous or nonsynonymous (table 1) . Furthermore, a number of nucleotide sites are both different between species and polymorphic within species and pose difficulties in the procedure of McDonald and Kreitman (see Graur and Li 1991; Whittam and Nei 1991) . The gene sequences are divergent enough that methods explicitly accounting for multiple hits are necessary.
Estimates of synonymous and nonsynonymous rates from pairwise comparisons of sequences are shown in table 2. The nonsynonymous rates are all very low, and different methods produced very similar estimates. Estimates of synonymous rates are quite high, and substantial differences exist among methods. The likelihood method may be expected to be more reliable, as it does not involve approximations of the other methods and is based on more realistic assumptions about the substitution process. Compared with the likelihood method, the method of Nei and Gojobori underestimates the synonymous rates, probably because it is based on a simple substitution model. The transition/transversion rate bias and codon usage bias appear to have opposite effects on estimates of synonymous and nonsynonymous rates (Yang and Nielsen 1998) , so estimates obtained with Ina's method are more different from the likelihood estimates than are estimates obtained with Nei and Gojobori's method. The patterns found here are the same as those reported by Yang and Nielsen (1998) from analyses of nuclear genes.
While all estimates of d N /d S are much smaller than one, indicating the operation of negative selection, the within-species estimates are much greater than the between-species estimates. By the likelihood estimates, the within-species d N /d S ratios are 5-10 times higher than the between-species estimates (table 2). Although it is NOTE.-The transition/transversion rate ratio is fixed at 20. Estimates of the tree length (sum of branch lengths) and synonymous and nonsynonymous substitution rates are obtained under the two-ratio model assuming different nonsynonymous/synonymous rate ratios for the within-( W ) and between-species ( B ) branches. The likelihood ratio statistic, 2⌬ᐉ, is twice the log-likelihood difference between the two-ratio and one-ratio models. Order is the order of genes in the mitochondrial genome (Nedbal and Flynn 1998) . * Significant ( ϭ 3.84 at 5%).
2 1 ** Extremely significant ( ϭ 6.63 at 1% (Yang and Nielsen 1998) was used to estimate synonymous and nonsynonymous rates for branches in the phylogenetic tree. This model involves nine d N /d S ratio parameters ('s) for the nine branches ( fig. 1 ) and the log-likelihood value is ᐉ ϭ Ϫ20,440.52. Estimates of the between-species ratios under this model are 0.033 Ϯ 0.005 for the lineage ancestral to humans, 0.047 Ϯ 0.007 for the lineage leading to chimpanzees, and 0.035 Ϯ 0.004 for the lineage leading to gorillas (see fig. 1 ). Estimates of the within-species ratios are 0.199 and 0.209 for humans, 0.647 and 0.160 for chimpanzees, and 0.393 and 0.393 for gorillas. The rate ratios are much higher along the within-species branches than along the between-species branches.
The model that assumes the same d N /d S ratio for all branches in the tree gave a log-likelihood value ᐉ 0 ϭ Ϫ20,486.03, with an estimated d N /d S ratio of 0.044 Ϯ 0.003 and a transition/transversion rate ratio (␣/␤) of 20.7 Ϯ 0.1. The model that assumes two different d N /d S rate ratios for the within-and between-species branches in the tree gave a log-likelihood value ᐉ 1 ϭ Ϫ20,444.10, with estimates of W ϭ 0.287 Ϯ 0.010 for the within-species branches and B ϭ 0.037 Ϯ 0.003 for the between-species branches. The estimate of the transition/transversion rate ratio is 21.6 Ϯ 0.2 under this model. The likelihood ratio statistic, 2⌬ᐉ ϭ 2(ᐉ 1 Ϫ ᐉ 0 ) ϭ 83.86, is much greater than the 2 critical value with one degree of freedom, suggesting that the d N /d S rate ratios are significantly different among lineages. Indeed, the estimated ratio is about 7.8 (ϭ 0.287/0.037) times higher along within-species lineages than along between-species lineages, in congruence with the analysis based on pairwise distances discussed above. Figure 1 shows the phylogenetic trees constructed using the synonymous and nonsynonymous substitution rates. It is obvious that the two trees have different shapes and the tree of nonsynonymous rates has much longer withinspecies branches than does the tree of synonymous rates.
Separate Analyses of Different Genes
Results obtained from separate analyses of all 13 protein-coding genes are shown in table 3. First, we note that the tree lengths (sums of branch lengths along the tree) calculated using synonymous rates are quite homogeneous among genes (about one synonymous substitution per synonymous site along the tree), although cytochrome b has a somewhat higher rate (almost two synonymous substitutions per site). The synonymous rates of genes are not correlated with their locations or replication times in the mitochondrial genome, in congruence with the conclusion of Nedbal and Flynn (1998) . The nonsynonymous rates are much more variable among genes, and the tree lengths for nonsynonymous substitutions range from 0.013 for the conserved COI gene to 0.122 for the fast-changing ATP6 gene. It is noteworthy that for all 13 genes, the d N /d S ratio within species ( W ) is much higher than the ratio between species ( B ). This is also the case for the ND6 gene, which is encoded by the other strand of mitochondrial DNA. By the likelihood ratio test, the difference is statistically significant for all but 3 of the 13 genes (table 3). The exceptions are the two very small genes (ATP8 and ND4L) and the conserved COII gene. These genes probably do not contain enough information to reject the null hypothesis of a single d N /d S rate ratio within and between species. We note that the approximation of the 2 1 likelihood ratio statistic relies on large-sample properties. Previous simulations under nucleotide-based models suggest that the 2 approximation is reliable (e.g., Yang, Goldman, and Friday 1995) . At any rate, the approximation is expected to be reliable for large or fastchanging genes, for which significant differences are found.
Another interesting pattern in table 3 is the negative correlation between the variability of the gene, as reflected by the tree length of nonsynonymous substitutions, and the W / B ratio ( fig. 2) . While the W / B ratios are different within and between species for all genes, the difference is greater for conserved genes than for fast-changing genes. One possible explanation is that in conserved genes, a higher proportion of nonsynonymous mutations are deleterious and are tolerated in the population without contributing to between-species diversity, while in fast-changing genes, more nonsynonymous mutations are nearly neutral and contribute to both within-species polymorphisms and between-species divergences. Since synonymous rates are much more homogeneous within and between species than are nonsynonymous rates, the pattern of figure 2 can be explained by elevated nonsynonymous polymorphisms in conserved genes. It should be noted, however, that all genes in the mitochondrial genome are linked. Even neutral polymorphisms (such as synonymous substitutions) are affected by both background selection, eliminating deleterious mutations (Charlesworth, Charlesworth, and Morgan 1995) , and hitchhiking effect, driving advantageous mutations to fixation (Maynard Smith and Haigh 1974) . The population dynamics of synonymous and nonsynonymous mutations in the mitochondrial genes must be very complicated. Sawyer and Hartl (1992) pointed out that hypothesis testing using a 2 ϫ 2 contingency table is well studied in statistics, and other tests, such as those suggested by Graur and Li (1991) and Whittam and Nei (1991) , may be less powerful statistically. However, this argument assumes that entries in the contingency table are correctly recorded. This may not be the case for the test of McDonald and Kreitman (1991) except for nuclear genes of very closely related species. Indeed, Maynard Smith (1994) was able to construct a purely neutral model under which the B / W ratio, estimated using the approach of McDonald and Kreitman (1991) without correcting for multiple hits, approaches 2 at high levels of sequence divergence, irrespective of the true ratio. The mitochondrial genes analyzed in this paper, although from closely related species, involve considerable synonymous changes between species (Ͼ0.5 substitutions per site; see table 2), and the test of McDonald and Kreitman (1991) does not appear to be applicable. Sawyer and Hartl (1992) pointed out that the tests suggested by Graur and Li (1991) and Whittam and Nei (1991) are based on normality assumptions of test statistics, while the true distributions are unknown. These methods also suffer from the use of simplistic evolutionary models and limitations of pairwise comparisons. In contrast, the likelihood ratio test used in this paper has a sound statistical basis and is also based on more realistic substitution models. While there is reason to expect the likelihood ratio test to give more reliable results, the performances of those tests, when their assumptions are and are not met, need further investigation.
Discussion
The neutral theory predicts that the neutral mutation rate determines both the divergence between species and the polymorphism within species (Kimura 1983) . Although it is difficult to test this prediction directly, as the genetic diversity within a species depends on other factors besides the neutral mutation rate, such as the population size and departure from the equilibrium, the d N /d S rate ratios in within-and between-species comparisons should be the same if the neutral theory is correct (McDonald and Kreitman 1991) . McDonald and Kreitman (1991) found, using the simple contingency test, that evolution at the Adh locus in Drosophila is not neutral, with the d N /d S ratios being much higher between species than within species. While our likelihood ratio test also rejected neutrality for mitochondrial protein-coding DNAs, our result is the opposite of theirs: the d N /d S rate ratio is much higher within species than between species. This is congruent with previous results obtained from analyzing a few mitochondrial genes of hominoids (Nachman et al. 1996; Templeton 1996; Wise, Sraml, and Easteal 1998) , and suggests that the pattern is common to all genes in the mitochondria.
A number of factors have been suggested to explain the elevated nonsynonymous rates within species, including balanced selection, relaxed selective constraints, and slightly deleterious mutations (Ballard and Kreitman 1995; Nachman, Boyer, and Aquadro 1994; Takahata 1993) . Since mitochondrial genomes are haploid, heterozygous advantage is not possible. Although mitochondrial genomes may be potential targets of balanced selection due to environmental changes, population subdivision, or cytoplasmic-nuclear interactions, the predictions of this hypothesis are not generally consistent with data (Nachman, Boyer, and Aquadro 1994) . The high d N /d S rate ratio within the human species relative to that between species has previously been attributed to relaxed selective constraints in the human lineage, possibly due to cultural evolution or improved environment (Takahata 1993; Adachi and Hasegawa 1996) . However, results of this paper suggest that the pattern is not unique to humans, since it is also observed in chimpanzees and gorillas.
The most likely interpretation seems to be the hypothesis of slightly deleterious mutations (Ohta 1992) . Deleterious mutations should ultimately be eliminated from the population and rarely contribute to betweenspecies divergence. Since the synonymous rates are expected to be homogeneous within and between species, such a variation in nonsynonymous rates caused by deleterious mutations will lead to higher d N /d S rate ratios within species than between species. Our estimates of the d N /d S rate ratios are lower (0.2) for humans than for chimpanzees and gorillas (0.4). It is not clear whether the differences are due to different population sizes in those species. The hypothesis of slightly deleterious mutations predicts that higher polymorphisms will be maintained in smaller populations. The difference will be explicable if the human species has had a larger population size than the chimpanzee and gorilla species. While Takahata, Satta, and Klein (1995) obtained estimates of the human population size, estimates for chimpanzees and gorillas are lacking.
Our estimates suggest that the nonsynonymous rates in mitochondrial protein-coding genes were about 5-10 times higher within species than between species. This difference is still smaller than the difference in substitution (mutation) rate estimates obtained for the Dloop from human pedigree and phylogenetic analyses (see Introduction). Studies suggest that the D-loop mtDNAs are functional and under selective constraints. One likely explanation for the extremely high mutation rate found in the pedigree analysis is that more deleterious mutations are observed in a pedigree analysis than in analyses of samples of individuals, as performed in this paper. In any case, it is clear that the mitochondrial DNA is not a neutral marker (Ballard and Kreitman 1994, 1995; Rand, Dorfsman, and Kann 1994; Nachman et al. 1996; Hey 1997) , and one should be cautious in using substitution rates obtained from phylogenetic analysis to date within-species events.
